The present study was designed to evaluate whether pre-incubation with serum, obtained from both control and toluene diisocyanate (TDI)-immunized guinea-pigs, modified the contractile response to TDI in isolated guinea-pig bronchial rings.
Introduction
Toluene diisocyanate (TDI) is a very reactive low molecular weight chemical, widely used in several industries, especially in the manufacture of polyurethane foam and spray paints (1) . TDI is one of the most common world-wide causes of occupational asthma (2) and challenge with isocyanates causes a range of respiratory disorders in humans (3) and hypersensitivity reactions in animals (4) . Based on the alterations of respiratory function, such as the damage to airway morphology, the inflammatory response, the localization of isocyanate-derived radioactivity, and the pro-duction of specific antibodies associated with exposure, several airway molecules have been implicated in the mechanism of action of isocyanates. Some examples include: immunoglobulins, carrier proteins such as albumin, epithelial cell proteins, components of airway smooth muscle and inflammatory cell products (5, 6) . In the guineapig, in-vivo isocyanate-protein conjugates have been detected by isotopic methods. Serum albumin and/or a 70 kDa protein, which has a molecular weight similar to serum albumin (7) , are the most probable in-vivo target molecules for inhaled isocyanates. It is likely that these conjugates are responsible of isocyanate-specific antibody production since TDI, by itself, is too small a molecule to be antigenic.
Several animal models have been employed in order to investigate the mechanisms involved in the TDI injury/ response process, particularly in asthma (4) . We developed a model of TDI-induced asthma in guinea-pigs (8) . In this model, we found that intra-dermal injections of TDI induced a specific IgG antibody response and an inflammatory process in both central and peripheral airways of immunized and challenged animals. We also found that immunization and challenge with TDI resulted in a decrease of tachykinins and calcitonin gene-related peptide immunoreactive nerve density in central airways (9) .
A role for tachykinins in the actions of TDI has also been shown by other investigators (10) . In previous in-vitro studies we have shown that TDI contracts bronchial smooth muscle in guinea-pigs through the activation of the efferent function of capsaicin-sensory nerves (11, 12) and that it is likely that the effect of TDI on sensory nerves occurs through the generation of prostanoids (13) .
To our knowledge the effects of in-vitro exposure to normal or TDI-immune serum on bronchial smooth muscle responsiveness have not yet been investigated. In particular, it is not known whether serum components, such as albumin and/or antibodies, could affect the in-vitro bronchial smooth muscle response to TDI.
Therefore, we designed the present study to evaluate whether pre-incubation with serum obtained from both control and TDI-immunized guinea-pigs modified the contractile response to TDI in isolated guinea-pig bronchial rings. Furthermore, to investigate the mechanisms of serum-mediated responses to TDI, we first evaluated the involvement of tachykinin release, by studying the effect of serum pre-incubation on the response to capsaicin, as well as to TDI after depletion of tachykinins with capsaicin and in the presence of an inhibitor of NK 1 -tachykinin receptors. Secondly, we investigated the role of prostanoid release, by studying the effect of indomethacin on serum-mediated response to TDI. Thirdly, we addressed the potential role of epithelium, by evaluating the effect of TDI in isolated guinea-pig bronchial rings pre-incubated with serum and after epithelium removal.
Materials and methods

ANIMALS AND TISSUE PREPARATION
Male Hartley-outbred guinea-pigs (Rodentia Laboratories, Torre Pallavicina, Bergamo, Italy) weighing 300-400 g were anaesthetized with pentobarbitone sodium (50 mg kg 71 , intra-peritoneally). The lungs were rapidly removed and immersed in oxygenated Krebs-Henseleit (K-H) solution [composition in mM: 118?3 sodium chloride (NaCl), 4?7 potassium chloride (KCl), 2?5 calcium chloride dihydrate (CaCl?2H 2 O), 1?2 magnesium sulphate 7-hydrate (MgSO 4 ?7H 2 O), 1?2 potassium dihydrogen phosphate (KH 2 PO 4 ), 25?0 sodium hydrogen carbonate (NaHCO 3 ), 11?1 D-(+)-glucose]. The main bronchi were dissected free of loose connective tissue and were prepared in two rings. The epithelium was removed by rubbing the luminal surface gently with a guaze. The gauze was cut into strips, and one side was tied to the suture. The suture was used as a guide to rub the gauze inside the bronchial ring.
MEASUREMENT OF BRONCHIAL SMOOTH MUSCLE TENSION
The rings were mounted in glass chambers filled with 7 ml of K-H solution that was maintained at 378C and aerated continuously be bubbling it with a mixture of 95% O 2 and 5% CO 2 , which produced a pH of 7?4. We measured isometric tension by connecting the bronchial rings to a force displacement transducer (Grass FTO3), and continuously recording the responses on a Battaglia Rangoni model KV380 polygraph recorder. Rings were allowed to equilibrate for 90 min with the resting tension maintained at 5 mN. During equilibration, the medium was changed every 20 min. Bronchial smooth muscle contraction was normalized by expressing muscle tension as a percentage of the active tension obtained in reponse to 1 mM acetylcholine (ACh). The response to ACh was supramaximal and highly reproducible. Relaxation was normalized by expressing the reduction of muscle tension as a percentage of the relaxation obtained in response to 1 mM isoproterenol.
EFFECT OF PRE-INCUBATION WITH SERUM ON TDI-AND CAPSAICIN-INDUCED CONTRACTIONS
To study the effect of serum, cumulative concentrationresponse curves to either TDI (0?03-1000 mM) or capsaicin (0?01-10 mM) were obtained in bronchial rings incubated for 2 h in either normal or immune serum (100 ml ml 71 ) or in the absence of any serum (K-H solution). Rings were extensively rinsed for at least 30 min before a concentration-response curve was started. In a set of experiments, the concentration-response curve to TDI was obtained in bronchial rings incubated for 2 h in the presence of guinea-pig serum albumin (4 mg ml 71 ). TDI was dissolved in dimethyl sulfoxide (DMSO) and it was prepared immediately before administration. The maximal final concentration of DMSO in the organ bath was 3%.
Capsaicin was dissolved in absolute ethanol, which reached a final bath concentration of 0?4% and had no effect on the preparations.
EFFECT OF CAPSAICIN AND CP 99?994 ON SERUM-DEPENDENT RELAXANT RESPONSE TO TDI
The possible involvement of capsaicin-sensitive primary afferents in the relaxant response to TDI was assessed by using two different pharmacological treatments: in-vitro capsaicin desensitization and CP 99?994.
For in-vitro capsaicin desensitization, bronchial rings were exposed to 10 mM capsaicin for 30 min and then repeatedly washed. The effect of TDI was studied when tension returned to resting values.
The effect of TDI was also investigated in the presence of CP 99?994, an antagonist of NK 1 -tachykinin receptors (10 mM, contact time 30 min).
EFFECT OF INDOMETHACIN AND EPITHELIUM REMOVAL ON SERUM-DEPENDENT RELAXANT RESPONSE TO TDI
The possible involvement of prostanoids in the relaxant response to TDI was assessed by using indomethacin (5 mM, contact time 90 min). The effect of bronchial epithelium was studied by performing the dose-response curve to TDI in bronchial rings after epithelium removing and after preincubation with normal serum. Serum was obtained from immunized and control guinea-pigs, as previously described (8) . Briefly, blood samples were collected from the jugular vein immediately after the lethal dose of pentobarbitone sodium, and the serum was obtained to measure the titre of TDI-specific antibodies. Total IgG and TDI-specific IgG 1 antibodies were determined by enzyme-linked immunoassorbent assay (ELISA). Total IgG and TDI-specific IgG 1 antibodies were 1 : 27950 (1?60) and 1 : 8320 (2?75) in the immune serum respectively. No IgG or IgG 1 were found in normal serum.
MATERIALS AND REAGENTS
DATA ANALYSIS
Each value is mean+standard error of the mean (SEM), except antibody titres which are expressed as geometric means and geometric standard errors of the means (GSEM).
Analysis of variance for repeated measures and twotailed Student's test for paired and unpaired data were used when appropriate. P50?05 was considered significant.
Results
TDI (0?03-1000 mM) caused a concentration-dependent contraction of the guinea-pig main bronchus ( Fig. 1) . At 1000 mM the TDI-induced contraction averaged 24?4+3?8% of the maximal response to 1 mM ACh. By contrast, in bronchial rings pre-incubated with either normal or immune serum (100 ml ml 71 , for 2 h), after washing and replacement of the serum with fresh K-H, administration of TDI produced a concentration-dependent relaxation (Fig. 2) . In rings pre-incubated with normal serum, relaxation was 101?4+17?4% and in rings preincubated with immune serum, was 94?9+21% of the relaxation induced by isoproterenol (1 mM). A relaxant response to TDI was also obtained after pre-incubation with guinea-pig serum albumin (4 mg ml 71 , 2 h) and it was 78?8+12%; only in two rings a trivial contraction was recorded at the three highest doses of TDI (1?2+0?05%, 5?9+4?7%, 10?1+4%) (Fig. 2) .
Capsaicin (0?01-10 mM) determined a concentrationdependent contraction which was not modified by preincubation with either normal or immune serum. The response to 10 mM capsaicin averaged 61?47+4?7% in bronchial rings not exposed to serum and 69?1+4?6% and 75?7+4?0%, respectively, after pre-incubation with normal and immune serum. Since there were no differences between the effects of preincubation with normal and immune serum, in the following experiments we performed the pre-incubation only with normal serum.
The effects of capsaicin pretreatment and CP 99?994 on TDI-induced relaxations are shown in Figs 3 and 4. Capsaicin pretreatment (10 mM for 30 min) did not reduce TDI-induced relaxation after serum pre-incubation; the relaxant response averaged 128?8+19?1% (Fig. 3 ). CP 99?994 (10 mM for 30 min) partially inhibited TDI-induced relaxation with a maximal response of 88?8+22?4% (P50?05) ( Fig. 4) .
Indomethacin (5 mM for 90 min) blocked the concentration-dependent relaxation to TDI in bronchial rings (P50?001) and, at the highest doses of TDI (100-1000 mM), it also restored the contraction in part (Fig. 5) .
In bronchi without epithelium and pre-incubated with serum, a relaxant response was found until the sixth dose of TDI; then a contraction began to be recorded. The contractile response was 4+1%, 13?4+1?3%, 13?1+3%, 17?3+3?5% for the last four doses of TDI.
Discussion
The present study shows that TDI produces contraction of the guinea-pig isolated bronchi, a response which is abolished and changed into a relaxant response by preincubation with TDI-immune serum. Also, the pre-incubation either with normal serum or with albumin produces a concentration-dependent relaxation of isolated bronchial rings.
We used in-vitro capsaicin desensitization to selectively inactivate sensory nerves of the guinea-pig bronchus and we found that capsaicin desensitization did not affect the relaxant response to TDI, whereas the NK 1 to TDI and, at the highest doses, it restored the contractile response.
Epithelium removal did not modify the relaxant response to low doses of TDI (data not shown), whereas it induced a contraction at the highest doses.
We performed the present study to investigate the effects of serum on TDI-induced contraction in isolated guinea-pig bronchi. TDI is a highly reactive compound and may be quickly converted to toluendiamine and other products or bind to proteins and other organic molecules (14) . Since we have shown in a previous work that the products of reaction of TDI with water maintain contractile properties (15) , it is possible that our finding of TDI0-induced relaxation is not simply dependent on its chemical transformation. TDI is a low molecular weight agent of insufficient size to provoke an immune response, and it probably reacts with autologous or heterologous carrier proteins to produce a complete antigen. Furthermore, TDI is thought to combine with native macromolecules such as albumin (14) . In the blood and in the airways, labelled TDI was found conjugated to a 70 kDa molecular weight protein, which in the airways was shown to be laminin. Recently, five adducted proteins have been identified in the bronchoalveolar lavage of guinea-pigs following inhalation exposure of TDI, and the most prevalent one was TDI-adducted to serum albumin (16) . In our experiments, it is conceivable that pre-incubation with serum causes loading of tissue, exposed to TDI, with different proteins. Some of these proteins might, later on, interact with TDI, 'sequestring' TDI molecules and/or changing their structure.
It is likely that specific antibodies to TDI are not relevant in this phenomenon, since pre-incubation with normal or TDI-immune serum produced the same relaxant effect.
Proteins attached to the bronchial tissue might also have somehow inactivated TDI or its active metabolites. We consider this chance less likely; in fact, TDI-induced contraction was not solely inhibited, but reversed to an active relaxation, therefore indicating that activity had been modified more than abolished. Whatever the mechanisms of this altered activity, albumin seems to play a significant role in this phenomenon, as suggested by our finding that pre-incubation with albumin had a similar effect to the preincubation with serum and in accordance to the importance of albumin in forming adducts with TDI (17) .
Regarding whether serum-induced relaxant response to TDI is specific, our study clearly showed that it is; in fact the contractile response to capsaicin was not affected by serum pre-incubation. This finding suggests that serum was not able to modify the contractile properties of bronchial smooth muscle and that the relaxant response was due to a specific interaction between TDI and serum components.
In a previous study, we showed that TDI, given in a single administration and without any pre-incubation, produced relaxation in most of the human bronchial rings tested (18) . Relaxation was still predominant when TDI was administered after two consecutive capsaicin administrations. An NK 1 receptor specific agonist induced both shortening and relaxation, while an NK 1 receptor-specific antagonist did not affect relaxation (18) . In the present study, desensitization with capsaicin did not affect TDIinduced relaxation, excluding an important role of the capsaicin-sensitive sensory nerves. Conversely, the NK 1 receptor antagonist, CP 99?994, partially inhibited the relaxant response to TDI, suggesting a possible role of this receptor, which needs to be further investigated.
Taken together, these findings suggest that TDI could not only act through the efferent function of capsaicin sensitive primary afferents, but, in the presence of serum, it could interact also with cellular targets and/or mediators.
In a previous work we have demonstrated that the removal of epithelium significantly potentiated the contraction induced by TDI in isolated guinea-pig bronchi (19) . The hypothesis that an epithelium-derived airway relaxing factor could explain the different motor responses to a variety of agents in tissues with and without epithelium has been considered since a long time (20) . In the present study, the relaxant response was similar at low doses of TDI in bronchial rings with intact epithelium and without epithelium, whereas at high doses of TDI we observed a contraction in bronchi without epithelium. These results suggest that the 'protective' effect of serum is not epithelium-dependent at TDI low doses, indicating that interactions between TDI and serum components play a key role in these experimental conditions. By increasing concentrations of TDI, it is likely that the relaxant effect is mainly dued to the formation of conjugates with epithelial cell proteins (6) .
Considering our previous data that TDI causes the release of tachykinins through production of prostanoids (13), we hypothesized that either a change in the production or an impairment of the action of prostanoids, that in turn determine tachykinin release, could occur. Moreover, our results also suggest that some other mediators, a part from tachykinins, are generated by TDI after tissue exposure to serum. Only indomethacin was able to inhibit completely the relaxant response and, in part, to restore the contraction. The general conclusion emerging from these studies is that prostanoid generation may be an important mechanism in serum-inducing relaxant response to TDI. Indomethacin has been reported to have non-specific effects such as those on excitation/ contraction coupling and on transmembrane ion movements in various cell types, including smooth muscle cells (21) . In our experiments we used indomethacin at the dose of 5 mM, which has been demonstrated to have a specific inhibitory effect on the cyclo-oxygenase pathway (22) .
In conclusion, we have shown that pre-incubation with either normal or TDI-immune serum or albumin changes the contractile into a relaxant response to TDI in isolated guinea-pig bronchi. This effect was only in part inhibited by the NK 1 -tachykinin antagonist, whereas it was completely abolished by indomethacin, suggesting a role for prostanoids. Further studies are necessary to elucidate which prostanoids are responsible for the relaxant response to TDI observed after pre-incubation with serum or albumin, and the mechanisms of their effects.
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